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Abstract  
Rheology modifiers play an important role in formulating personal care products by providing 
rheology to the components it is added to. Most skin care formulations are oil in water systems 
which require rheology modifiers that are hydrophilic in nature such as polymeric rheology 
modifiers. Some of the polymeric rheology modifiers provide rheology through associations 
whereas others impart thickening efficiency through hydrodynamic volume increase. There is a 
potential in developing polymeric rheology modifiers through combination of different chemistries 
such as Polyacrylate based comonomers copolymerized with modified sulfonic acid chemistry. In 
this case study, gels prepared from three polyacrylate and 2-acrylamido-2-methyl-propanosulfonic 
acid (AMPS) based copolymers in aqueous solution are evaluated for their swelling efficiency. 
The comonomer chemistry, monomer ratio and cross-linking density present in the copolymers 
influence properties provided by these copolymer such as polymer-solvent interactions, kinetics 
and degree of swelling, solvent compatibility, thickening efficiency and viscoelastic properties. 
The assessment of rheology and viscoelastic properties of the copolymers using rotational 
rheometer will help determine the viscosity efficiency and gel structure strength (elastic and 
viscous moduli) of the polymer. The three copolymers synthesized from acrylate based 
comonomers and AMPS chemistry showed thickening efficiency as well as viscoelastic property 
in polar solvents indicating their potential in being a rheology modifier for the personal care 
industry.  
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 1. Introduction 
1.1 RHEOLOGY 
Rheology is the study of deformation and flow of matter. The deformation of materials involved 
in rheological studies can involve deformation via shear, tensile (elongation), hydrostatic bulk 
deformation or the combination of all three principles (Wilkes, 1981). Shear behavior is an easier 
principle to understand deformation in Personal Care formulations. Following is a schematic 
representation of an element undergoing shear deformation between an upper plate that moves, X 
distance and with upper surface cross sectional area of A and a lower plate that is stationary. Shear 
deformation of the material occurs due to a force, F ((Mezger, 2013) & (Wilkes, 1981)): 
.                   
.  
       X    F 
               
     Y 
     X = 0  
Fig. 1.1.1 – Schematic representation of shear deformation 
 
The resulting shear stress, τ = Force / Area with units 1N/m2 = 1 Pa 
Shear rate is the rate at which a fluid is sheared during the flow. It is the rate at which the fluid 
layers move past each other and has a unit of s-1. In order to relate the flow of material to shearing 
process, the rate of shear can be defined as  
  = dX / Ydt        (Eqn 1.1.1)  
where, Y is the gap between the plates 
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Below are some real-life examples that show why it is important to understand product behavior 
under different shear conditions: 
For example, consider following application processes (Mezger, 2013): 
● Nail Painting with brush:  
Velocity, X = 0.2 m/s  
Deposit height, y = 0.1mm,  
Resulting in a shear rate, = 2000s-1 
● Rubbing of skin creams and body lotions (depends upon viscosity) on skin: 
Butter cream: 
Spreading Velocity, X = 0.15 m/s 
Deposit height, y = 0.1mm,  
Resulting in a shear rate, = 1500s-1 
Milky lotion: 
Velocity, X = 0.6 m/s  
Deposits height, y = 0.1mm,  
Resulting in a shear rate, = 6000s-1 
For flow in pipelines, tubes or capillaries under steady state and laminar flow, Hagen/Poiseuille 
defined a relation for shear rate with an assumption that these conduits are horizontal (Mezger, 
2013): 
w  = (4 V̊)/ (πR3)      (Eqn 1.1.2) 
● Filling ointment into tubes using a filling machine: 
Rate of Filling per tube (volume = 100 ml, 80 work-cycles per minute and 50% filling 
time), V̊= 2.67 * 10-4 m3/s;  
  Lincy Gurusamy 
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R= 2.76 * 10-3m 
w = (4 V̊)/ (πR3) = 16, 182 s-1 
● Squeezing an ointment out of tube: 
Volume = 10-6 m3,  
Time = 1s,  
V̊= 10-6 m3/s;  
Diameter of the tube nozzle, d = 5*10-3m 
w = (4 V̊)/ (πR3) = 82 s-1 
Above examples show how understanding the product behavior at different shear rates through 
rheological measurements help determine production processes, post-production logistics, stability 
and application processes. Viscosity difference in the above mentioned body lotion alone 
determines the primary packaging for that product. Milky lotion from earlier example could be 
subjected to higher shear rate than the butter cream indicating an end application through a spray 
bottle whereas the buttercream has to be packaged in pot-style container for easier application. 
Viscosity is a measure of the resistance to flow when shear stress is applied (Baki & 
Alexander, 2015).  Hence, viscosity is the response gained from controlling shear rate while 
measuring the shear stress.  
   ɳ = τ    /         (Eqn 1.1.3) 
While single point viscosity measurements of simple fluids or low viscosity fluids give information 
on the behavior of the product at certain rotational speed, a formulator when handling complex 
materials such as structured fluids, pastes or gels that exhibit properties between elastic material 
and viscous fluid, may require additional information such as viscosity change under different 
shear conditions. Hence study of flow behavior under changing conditions has to be analyzed 
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rheometrically (de Kruif, Anema, Zhu, Havea, & Coker, 2015). Fig. 1.1.2 shows three types of 
flow profiles are described: 
● Newtonian (black) – For a newtonian fluid (water) there is no change in viscosity as shear 
rate is varied. 
● Shear-thinning (red) – As shear increases, the fluid loses its viscosity. Most of the personal 
care formulations exhibit a psuedoplastic or shear-thinning flow behavior where they lose 
viscosity as the shear rate is increased and they recover the viscosity as shear is removed.  
● Shear-thickening (green) – As shear increases, the fluid gains more viscosity. For example 
cornstarch in water, where a person can run across a pool of cornstarch suspension but 
would sink when they stand still (Brown & Jaeger, 2011).  
 
Fig. 1.1.2 – Flow profiles 
 
1.2 RHEOLOGY IN PERSONAL CARE FORMULATION 
Study of rheology in cosmetic formulation provides more insights into quality control 
methods for the manufacturing processes as well as the texture properties of the final product. 
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Rheology modifiers, also known as thickeners are used to control rheology (Ridley, 2007). There 
are many types of rheology modifiers used in cosmetic formulations such as natural gums, 
modified naturals (cellulose derivatives), synthetics (acrylic polymers) and inorganic (clays). 2-
acrylamido-2-methylpropane sulfonic acid (AMPs) based copolymers that are cross-linked water-
soluble polymers could also influence rheology (Gandolfi & Galleguillos, 2015). The mechanism 
of AMPS based rheology modifiers is given below. 
When AMPS based polymeric rheology modifier is introduced into a personal care 
formulation, the polymer shows thickening efficiency by making strong interaction with the 
solvent and by existing in more expanded conformation. Due to this expanded format, the 
hydrodynamic volume of the polymer becomes larger leading to an increase in viscosity. When 
the viscosity increases, the droplets of the internal (oil or water) phase in a personal care 
formulation experience slower Brownian motion (Takeo & Makoto, 2000) leading to stability. 
These polymeric rheology modifiers are capable of providing another critical parameter for 
stability known as yield point. A fluid with a certain yield point begins to flow when the external 
force acting on it becomes greater than its own certain shear stress known as yield stress (Braun & 
Rosen, 2000). Crosslinking of polymer molecules provides a network structure that imparts certain 
yield stress. The presence of intermolecular cross-links between the polymer chains gives such a 
copolymers the ability to show elastic and viscoelastic behavior.  
Viscoelasticity is the property of materials that exhibit both viscous and elastic 
characteristics when they undergo deformation. Viscoelasticity is an important rheological 
property that defines the “At-rest” aesthetics, pick-up and cushion feel of cosmetic formulations 
(Gandolfi & Galleguillos, 2015). Rheology of most of the formulations in personal care industry 
is typically measured using rotational or oscillatory rheometers. Shear viscosity and shear modulus 
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are calculated from shear stress and shear rate (Viscosity) or strain (Modulus) (Mezger, 2013). The 
conditions used for such study on rheological properties are detailed in Experimental section 3.2. 
In this paper, a case study on AMPS based copolymeric rheology modifier is presented. In 
the background section, an overview on hydrophilic gels, possible synthesis methods for 
preparation of such AMPS copolymers and a summary on AMPS based copolymers are presented. 
The experimental section lays out different analytical tools that were available for this study. A 
justification on the methods and chosen techniques are also presented. Three different chemistry 
of copolymers are considered for this study. A theoretical consideration is made on the swelling 
property of such AMPS based copolymers using the Flory-Rehner theory. These copolymers are 
hydrophilic in nature and have the ability to absorb hydrophilic solvents such as water. As they 
imbibe polar solvents, the hydrodynamic volume changes and the viscosity of the medium 
increases and hence these copolymers are considered as swollen polymers suspended in the 
medium. Swelling observed from these AMPS based copolymers is reported as viscosity in the 
medium. The measured responses of these copolymers as well as the validation of the theoretical 
consideration behind the swelling behavior are presented in the Results and Discussion section. 
Hence, an evaluation on the comonomer-crosslinker chemistry on AMPS based copolymers as 
rheology modifiers for the personal care industry is presented in this paper. 
 
2. Background 
2.1 CLASSIFICATION AND SYNTHESIS  
 
There has been extensive work conducted on hydrophilic gels (also known as hydrogels). The 
presence of hydrophilic functional groups attached to the polymeric backbone is the reason why 
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these gels are hydrophilic in nature. AMPS based copolymers also are known as hydrogel due to 
their ability to absorb large quantities of water. Hydrogels can be classified based on their 
polymeric composition: 
a) Homopolymeric hydrogel- polymer network from a single monomer (Lizawa, et 
al., 2007) 
b) Copolymeric hydrogels- two or more different monomer species with hydrophilic 
component either in random, block or alternating configuration 
c) Multipolymer Interpenetrating polymeric hydrogels (IPN) - two independent cross-
linked component in a network form (Kim, Lee, & Kim, 2004). 
These hydrophilic polymeric gels can be further classified based on chemical or physical nature of 
the crosslink junctions. Polymers with chemically crosslinked networks have permanent junctions 
whereas the physical networks have transient junctions that arise from either polymer chain 
entanglements or physical interactions such as ionic interactions, hydrogen bonds or hydrophobic 
interactions (Ahmed, 2015). There are three integral components to hydrogel preparation – 
monomer, initiator, and cross-linker.  Below are some of the polymerization techniques used for 
their synthesis (Kiatkamjornwong, 2007): 
Bulk polymerization: 
 Bulk polymerization is the simplest form of polymerization where only one monomer and 
monomer-soluble initiators are used. This polymerization technique gives higher rate and higher 
degree of polymerization due to the increased monomer content.  The higher conversion rate leads 
to high viscosity of reaction medium causing increased heat generation. In this process, the 
reaction is initiated with radiation, ultraviolet or chemical catalysts. The choice of initiator is 
dictated by the type of monomer and solvent functionality.  
  Lincy Gurusamy 
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Solution polymerization/Cross-linking 
 In this technique, the ionic or neutral monomers are mixed with multifunctional crosslinking agent. 
The reaction can be initiated thermally by UV-irradiation or by redox initiator system. The 
presence of solvent during polymerization helps serve as a heat sink. This is one of the major 
advantages over bulk polymerization, where the reactions have to be maintained at lower 
conversion to control the temperature. A schematic for the solution polymerization is given in Fig. 
2.1.1 (Ahmed, 2015). Comonomers A and B are added continuously with initiator, solvent, chain 
transfer agent and inhibitor into stream 1. The feed streams (stream 1) are combined with recycle 
(stream 2) to form a single feed into the reactor (stream 3). A coolant flows through the jacket to 
control the heat of reaction. Polymer, solvent, unreacted monomer, residual initiator, chain transfer 
agent flow out of the reactor into a separating vessel, where the copolymer and residual initiator 
and chain transfer agent are removed for further processing. The unreacted monomer and solvent 
are cleaned and recycled back into the feed stream. 
  Lincy Gurusamy 
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Fig. 2.1.1 Solution Polymerization with recycle loop 
 
Suspension polymerization or inverse-suspension polymerization 
Suspension polymerization is a method to prepare spherical microparticles where the 
monomer solution is dispersed in the non-solvent forming fine monomer droplets that are 
stabilized by hydrophilic-lipophilic-balance (HLB) suspending agent. The polymerization is 
initiated by radicals from thermal decomposition of an initiator. Advantages of this method 
involves better control over removal of reaction heat, particle size distribution as well as particle 
morphology. This method is used to prepare spherical copolymers with size range of 1μm to 1mm. 
Suspension polymerization flow chart is very similar to solution polymerization with the exception 
that solvent stream is replaced with water and the reaction is controlled adiabatically. 
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Polymerization by irradiation 
The irradiation of aqueous polymer solutions with high energy radiation like gamma rays 
or electron beams result in formation of radicals on the polymer chains. These radicals on multiple 
chains result in the formation of covalent bonds leaving crosslinked structure. The major advantage 
of the radiation initiation over chemical initiation is the production of pure products that are 
initiator free. However, one of the major disadvantages of polymerization of irradiation in dry form 
is requirement of higher doses of ionization radiation and sample preparation (pressing or melting) 
resulting difficulty in obtaining homogeneous hydrogel composition.  
Graft Polymerization 
Hydrogels prepared by bulk polymerization often lack mechanical strength. In order to 
improve their strength, such water soluble gels can be grafted onto the backbone of a stronger 
polymer (Ahmed, 2015). Free radical graft copolymerization is usually carried out by using 
initiators such as ammonium persulfate and benzoyl peroxide. A general reaction mechanism for 
graft copolymerization of Acrylamide (AAm) and 2-acrylamido-2-methylpropane-1-sulfonic acid 
(AMPS) monomers onto alginate chains in the presence of ammonium persulfate is shown below 
(Sadeghi, Mirdarikvande, Godarzi, Alahtari, & Shasavari, 2014): 
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Fig. 2.1.2 Proposed mechanistic pathway for synthesis of Alginate-based copolymer 
 
2.2 AMPS CHEMISTRY  
 
The chemical structure of AMPS is acrylamido - 2, 2 - dimethyl propane sulfonic acid is 
shown below in Fig. 2.2.1 (Pourjavadi, Ghasemzadeh, & Mojahedi, 2009). 
 
Fig. 2.2.1 – AMPS Chemical Structure 
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These sulfonic acid moieties have a molecular weight of 207 g/mol and a density of 1.4 
g/cm3. They give a permanent negative charge to the AMPS monomer and also help with 
interactions with polar solvents such as water (Gandolfi & Galleguillos, 2015).  AMPS chemistry 
has been known for hydrogel application, a class of crosslinked polymers with 3-dimentional 
network structure that show pH independent swelling behavior. AMPS is an ionic monomer that 
has strong ionizable sulfonate group that can dissociate wholly in the overall pH range (Wang, Shi, 
Wang, & Wang, 2013).  
When these AMPS based copolymers interact with polar solvents, the polymer chains 
imbibe solvent leading to an increase in hydrodynamic volume and thus increasing the viscosity 
of the solvent-based formulation. In this interaction of the polymer and solvent is shown in Fig. 
2.2.2 (Gandolfi & Galleguillos, 2015), where water, a polar solvent hydrates and swells AMPS 
based copolymer. The comonomer chemistry can also enhance this hydrodynamic volume 
increase.  
 
Fig. 2.2.2 – Swelling of network structures of AMPS based Copolymers 
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The hydrophobicity of the comonomers in the AMPs polymer chain could determine the 
affinity for hydrophobic formulation components such as oils and silicones, which is important for 
building rheology in cosmetic formulations with two-phase systems (Gandolfi & Galleguillos, 
2015). In the case of conventional hydrogels, the efficiency is described in terms of volume 
increase observed in the medium through equilibrium water uptake. In this case study, the 
efficiency of these rheology modifiers are defined in terms of viscosity increase measured in 1% 
gel due to equilibrium swelling. The water uptake of such copolymers depend upon their intrinsic 
properties – hydrophilicity of the polymer matrix, the number of charged groups, degree of cross-
linking and external properties – electrolyte solution concentration (Yan, Paul, & Freeman, 2018). 
 
Fig. 2.2.3 Stimuli responsive behavior of a swelling hydrogel 
 
Based on their swelling kinetics, these AMPS based copolymers can be tailored as stimulus 
responsive as shown in Fig. 2.2.3 (Ahmed, 2015). For example- the presence of chemically cross-
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linked moieties allow these polymers to modify their response to environmental stimuli such as 
temperature, pH, and ionic strength (Yetimoğlu, Kahraman, Ercan, Akdemir, & Apohan, 2007). 
The presence of crosslinker is an important aspect to prevent dissolution of the hydrophilic 
polymer chains in an aqueous medium (Pourjavadi, Ghasemzadeh, & Mojahedi, 2009). Instead of 
polymer dissolution, the polymer undergoes volume transition from solvent intake. In this case 
study, the equilibrium water intake has to be understood in terms of sulfonate based (AMPS) 
chemistry, the comonomer chemistry as well as the crosslinker chemistry. The following sections 
show an overview of the effects of various factors affecting the equilibrium swelling behavior of 
such AMPS based copolymers. 
The principal objective of this case study is to understand the influence of acrylate based 
comonomer chemistry and the impact of cross-linking density on equilibrium swelling capacity of 
the resulting AMPS based copolymers. As mentioned before, the equilibrium swelling observed 
for these copolymers will then be defined in terms of rheology imparted by these copolymers. 
Also, an in-depth analysis on the chemistry and behavior of similar AMPS based copolymers are 
also presented to make a case for these three copolymers. Due to the terms of Non-disclosure 
agreement between Elementis Global LLC and Lehigh University, the chemistry of these 
copolymers cannot be revealed for this Thesis submission. Hence, the results and thermodynamic 
theory is derived on an abstract description of copolymer chemistry. 
Even though multiple thermodynamic models such as Molecular Thermodynamic model 
(Lian, et al., 2015), Lattice Fluid Hydrogen Bond theory model (Lele A. , Badiger, Hirve, & 
Mashelkar, 1995), (Varghese, Lele, & Mashelkar, 2000) exist for understanding the swelling 
behavior of gels, in this case study the swelling of gels will be presented in terms of Flory-Rehner 
theory.  The previously mentioned models require precise details of the chemistry of the 
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copolymers for proper investigation of the swelling behavior. In contrast,  the Flory-Rehner model 
uses the physical properties of the swollen gel to calculate the binary interaction parameter between 
polar solvent (water) and copolymer. Using the interaction parameter and other measurable factors, 
the crosslink density (elastic modulus) of the polymer is also defined using the thermodynamic 
theory of swelling.  
3. Experimental  
3.1 AMPS BASED COPOLYMERS  
As mentioned before, the NDA prevents disclosure of Elementis Global LLC chemistry for this 
case study. Following AMPS based copolymer samples were prepared using radical 
polymerization. A pre-neutralized AMPs monomer was polymerized with varying comonomer 
chemistry using varying chemistry and density of the crosslinkers. 
Table 3.1 AMPS based copolymers 
 
Copolymer A:  
Comonomer with simple polyol and acrylate functional group. 
Trifunctional acrylate monomer was used as the crosslinker. 
Copolymer B: 
Comonomer with multiple alkyl groups attached to acrylate functional 
group. Trifunctional acrylate monomer was also used as the crosslinker. 
Copolymer C: 
Comonomer with simple polyol and acrylate functional group (as 
Copolymer A). Tetra-functional acrylate monomer was used as the 
crosslinker. 
  
3.2 PREPARATION OF GELS FOR SWELLING STUDY 
Dry copolymers were weighed using an analytical weighing balance. 1 %w/w of dry copolymers 
were added to 99 %w/w of deionized water under moderate - high shear using a 4-blade propeller. 
All three copolymers showed swelling within 10 minutes of incorporation. In order to ensure 
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homogenous swelling throughout the medium, the gels were further mixed for an additional 10 
minutes. 
pH Study  
The pH of the prepared 1% gels were adjusted to 3, 5, 7, 9 and 11 using most commonly used pH 
buffers in cosmetic formulations such as 20% Sodium Hydroxide and 50% Citric acid. 
Alcohol study  
SD 40 is a type of denatured alcohol (Ethanol) used in cosmetics and personal care formulations 
as a solvent, antimicrobial agent or as an astringent. In this study, Ethanol and deionized water was 
initially mixed under a propeller blade in following ratio – 0/100, 25/75 and 50/50. 1 %w/w of the 
dry polymer was added under moderate-high shear using a propeller blade. 
3.3 ANALYSIS METHODS 
Rheometry Study 
After swelling, the viscoelastic properties of AMPS based copolymers were analyzed on Anton 
Paar rheometers MCR 301 and 302 using a 50mm in diameter sandblasted parallel plate geometry. 
One of the advantages of using parallel plate geometry over cone and plate or the concentric 
cylinder is its ability to control gap between the rotating disc (plate) and stationary plate. The gap 
between the plates has to be larger than the particle size of ingredients in the formula. Also, a 
sandblasted geometry prevents incorrect data acquisition from boundary effects such as ‘wall slip’. 
The rheometer is equipped with Peltier plate and solvent trap to provide effective temperature 
control (± 0.05 ̊C) as well as prevention of solvent evaporation during the measurements. Flow 
profiles, shear recovery profile and oscillatory measurements were done at a gap of 0.25 mm and 
at a temperature of 25 ̊C. Flow profiles measurements had two distinct intervals where shear rates 
go from 0.1s-1 to 1000s-1 and vice versa. Both intervals had an acquisition time of 150 seconds at 
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0.01 s-1 and a duration of 673.3 seconds. Larger acquisition time helps prevent any artifact that 
could originate from improper waiting time. 
In shear recovery study (3ITT), the sample was sheared at 0.03s-1 for 90 seconds, followed by 
shearing at 1000s-1 for 90 seconds. This sheared sample was then subjected to recover for 450 
seconds at 0.03s-1. The extent of thixotropic behavior can be characterized in terms of viscosity 
change (Δɳ) as before structural breakdown and after regeneration: 
Δɳ = ɳ before-ɳ after                                                 (Eqn 3.3.1) 
Percentage of recovery after shearing could show the distinction in thixotropic recovery of the 
samples. 
                                 Percentage of recovery = ɳ after / ɳ before   X 100           (Eqn 3.3.2) 
Thixotropy shows the breakdown of internal structure under shear (shear-thinning), and a time 
dependent recovery indicating the buildup of the internal structure once the shear is removed. 
The storage modulus G’ [Pa] is a measure of deformation energy stored by sample during the shear 
process and it represents the elastic behavior of a material. The loss modulus G” [Pa] is the measure 
of deformation energy used by the sample during shear process and it represents viscous behavior 
of the test material. The ratio of viscous and the elastic portion of the viscoelastic behavior is 
characterized as damping factor tan δ. When elastic behavior balances with viscous behavior, tan 
δ =1 and sol/gel transition point is reached. Oscillatory sweep measurements were carried over an 
angular frequency of 1 rad/s. Shear strain was varied from 0.01 to 100 percentage. The measuring 
unit is capable of calculating yield strength and flow transition. 
Viscosity measurements 
Brookfield RVII Viscometer was used for gathering viscosity data on pH study and Alcohol study. 
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Density measurements 
Dry polymer density was measured in a gas pycnometer. Density of the swollen polymer was 
measured using a density cup with a volume of 8.34 cm3. 
4. Theoretical background  
The interactions between solvent and polymer networks resulting in a hydrodynamic 
volume transition (swelling) due to intake of high affinity solvent could be the result of weaker 
dispersive forces or hydrogen bonding between the solvent and polymer network. The equilibrium 
solvent content of the gel depends upon factors such as temperature, polymer solvent interaction 
parameters and the elastic forces that counteract swelling (Flory, 1953). A polymer gel in solvent 
attains equilibrium swelling by balancing osmotic forces of mixing and elastic forces of networks 
(Lele A. , Badiger, Hirve, & Mashelkar, 1995). Simple lattice theory models based on Flory-
Huggins theory is not enough to correlate thermodynamic behavior of aqueous polymer solutions 
because the phase equilibria is much influenced by strong, hydrogen bonding (Prange, Hooper, & 
Prausnitz, 1989). When strong hydrogen bond interactions are present in copolymer hydrogel, 
phase equilibrium could be derived in terms of activity of components in liquid phase and gel 
phase rather than just “osmotic pressure concept” (Ermatchkov, Ninni, & Maurer, 2010). 
Conventional models do not account for orientation-dependent interactions. However, due to the 
limitations on disclosure on chemistry, an extensive study on thermodynamic models for swelling 
behavior were not carried out in this case study. 
4.1  FLORY-REHNER THEORY 
Flory and Rehner developed a theory for the swelling deformation behavior of polymer 
gels in a polar solvent (Sperling 2006). When a chemically crosslinked polymer strand is immersed 
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in good solvent with a low molecular weight, it will gain mixing and configurational entropy. As 
a result the gel takes up solvent. This swelling stretches the polymer strands between the chemical 
cross-links and configurational entropy is reduced as small molecules mix with these long 
polymers (de Kruif, Anema, Zhu, Havea, & Coker, 2015). The system achieves equilibrium when 
the mixing entropy balances with the loss in configurational entropy.  
The total free energy of a binary system in terms of solvent and copolymer gel made from 
two different comonomers can also be defined as the sum of the free energies of mixing and the 
stored elastic free energy.  The free energy change seen in a gel from a dry state to swollen state 
is represented in Flory thermodynamic cycle (Lele A. K., Badiger, Hirve, & Mashelkar, 1995) – 
 
Fig. 4.1.1 – Representation of Free Energy change in a gel 
 
where the free energy change of the gel (ΔG) is the sum of free energy of mixing (ΔG2) and the 
change in elastic free energy of the gel (ΔG3-ΔG1). 
The Gibbs free energy of a gel is composed of three contributions- 
                  ΔG= ΔG mix + ΔG ion + ΔG el                                  (Eqn 4.1.1) 
Where,  
ΔG mix refers to the mixing free energy of a polymer chain with the solvent. 
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ΔG el refers to the mixing free energy from the elastic deformation of the network 
restricting the configurations of the polymer strand. 
ΔG ion free energy from the difference in osmotic pressure inside and outside the 
gel, due to added ions (no added salt, hence ΔG ion = 0) 
 
 
Fig. 4.1.2 – Thermodynamics of swelling 
When the system attains equilibrium, ΔG becomes minimum 
Since    ΔG    = ΔH – TΔS + Π dV                                                               (Eqn 4.1.2) 
Where  Π is net osmotic pressure. 
When T, ni are constant 
          Π      = - dΔG/dV                                                                           
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Hence,  Π      = Π mix + Π el 
At equilibrium, the net osmotic pressure (Π) in the gel is equal to zero. 
Π mix  = - Π el                                                                                                                  (Eqn 4.1.3) 
Osmotic pressure components can be then defined as the following (van der Sman, Paudel, Voda, 
& Khalloufi, 2013) 
Π mix  = RT / vw [ln (1-Φ) + Φ + Χ Φ2]                                           (Eqn 4.1.4) 
Π el     = RT Nc Φ0 / Vw [1/2 (Φ /Φ0) - (Φ /Φ0)1/3]                             (Eqn 34.1.5) 
Where, 
Vw is the molar volume of solvent (water), 
Φ is the volume fraction of the polymer, 
χ is the Flory-Huggins interaction parameter which is composition dependent (van der 
Sman, Paudel, Voda, & Khalloufi, 2013), 
Nc is related to the number density of crosslinks, 
Φ0 is the volume fraction of polymer at crosslinking, 
R is universal gas constant and 
T is temperature. 
The crosslink density determines the extent of elastic property of such hydrophilic gels. Through 
the crosslinking process the weak van der Waals intermolecular bonds are replaced by strong 
covalent bonds resulting in an increase in mechanical strength of the polymeric network (Li, 2009). 
Hence it is important to determine the crosslink density of the copolymer. 
Calculation of volume fraction of the polymer 
M = MP + MS 
M = ρ * V 
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ρ * V   = ρP * VP +  ρS * VS 
Since, VP  = Φ* V and VS = (1- Φ* V) 
          ρ = ρP * Φ +  ρS * (1- Φ)    (Eqn 4.1.6) 
Once the density of the dry polymer and swollen gel are measured, Φ, volume fraction can be 
calculated from the above equation. 
 
Calculation of degree of the swelling (q) 
Degree of swelling (q) can be related to the Φ, volume fraction of the polymer in the gel by the 
following equation (Omidian, Hashemi, Askari, & Nafisi, 1994), 
1+ q (ρP/ρS) = 1/Φ       (Eqn 4.1.7)  
Calculation of X (chi) binary interaction parameter through solubility parameter 
Solubility parameter is important in the theory of solutions because it can determine several 
other physical properties such as surface tension, wettability, the ratio of the coefficient of thermal 
expansion to compressibility, the boiling points for non-polar liquids and glass transition 
temperature of polymers (Miller-Chou & Koenig, 2002). The solubility parameters of the 
comonomers used in AMPS based copolymer synthesis can be calculated either using group 
contribution theory by (Coleman, Graf, & Painter, 1991) or by Hansen solubility parameter using 
(Stefanis & Panayiotou, 2008). According to Hildebrand theory, as the difference between the 
solubility parameters of the solvent (δ1) and the copolymer (δ2), (δ1 - δ2) is minimized, the 
solubility of the polymer in the solvent is favored (Hildebrand, 1981). 
 For copolymers, the solubility parameter of the mixture can be written (Schneier, 1972) as square 
root of the cohesive energy density of comonomers: 
δx = (δ1V1X1+ δ2V2X2) / [(V1X1 + V2X2) Vx ]1/2  (Eqn 4.1.8) 
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Where, 
 δ1, 2 are solubility parameters of comonomers 1 and 2 
V1, 2 and x are the molar volumes of comonomers 1, 2 and mixture 
X1, 2 are the mole weight fraction of comonomers 1 and 2 
Vx = Mx/ρx 
In this equation, the molecular weight of the copolymer is assumed as the following- 
Mx = n1M1 +n2M2 
Since the number of crosslinker or crosslinking density  are not taken into consideration, the 
solubility parameter of the copolymer determined using Eqn 4.1.8 came out to be extremely low 
indicating the assumption is wrong. The solubility parameter of copolymer can be considered as a 
volume fraction average of solubility parameters of the comonomers (Scott, 1952). 
  δx = ∑Φiδi        (Eqn 4.1.9) 
Once the solubility parameter has been determined for the copolymer, the χ, binary interaction 
parameter can be defined in terms of the solubility parameter. Flory-Huggins solution theory uses 
to determine whether two components A & B are miscible by following equation (deV.Naylor, 
1989):   
χAB = [ Vref ( δA - δB )2] / RT      (Eqn 4.1.10)  
where,  Vref – Reference volume (100cm3) 
 
If the Hansen solubility parameter is known, the Flory-Huggins parameter (F-H), χ can be defined 
as follows (Miller-Chou & Koenig, 2002) 
χSP = 0.34 + [Vs (δA - δB) 2 ] / RT     (Eqn 4.1.11)  
where,  Vs = molar volume of solvent 
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However, the χ, F-H parameter calculated with the addition of fudge factor (Coleman, Graf, & 
Painter, 1991) made the values of the parameter χSP>0.5 indicating that the interactions in solvent 
medium are weak. The miscibility of solvent –polymer system is greater when the Flory-Huggins 
parameter value is small. According to Kontogeorgis, χSP values above 0.5 indicate non-solvency 
(Kontogeorgis, 2007). 
Since hydrophilic gels are capable of absorbing large quantities of water without dissolving, the 
suggestion of interactions in polar solvent medium being weak could not be true. If the components 
of the Hansen solubility parameter (dispersion, polar and hydrogen bonding components) are 
known for both solvent and copolymer, the Flory-Huggins parameter, χ can be determined using 
the Hansen solubility parameters proposed by (Lindvig, Michelsen, & Kontogeorgis, 2004): 
χSP = α V/ RT [( δds - δdp )2 + 0.25 (δps – δpp )2 + 0.25(δhb s – δhb p )2  ]  (Eqn 4.1.12)  
where, V = molar volume of the solvent 
 α = Universal parameter 
FH/Hansen model (Eqn 4.1.12) is as accurate as other group-contribution models (Kontogeorgis, 
2007). FH/Hansen models gives the best results when volume fraction based combinatorial and a 
α–value of 0.6 is used (Croll, 2010). Hence,  
χSP = 0.6 V/ RT [( δds - δdp )2 + 0.25 (δps – δpp )2 + 0.25(δhb s – δhb p )2  ]  (Eqn 4.1.13) 
At equilibrium swelling, the Flory Rehner theory helps to predict the crosslink density of the 
copolymer using the following equation- 
  ln ( 1-Φ) + Φ + χSP Φ2 + v V(Φ1/3 – Φ/2) = 0   (Eqn 4.1.14) 
  where,  
   Φ = volume fraction of polymer 
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   v = crosslink density (mol/volume) 
   V = molar volume of the solvent 
Molecular weight between crosslinks, Mc can be defined in terms of crosslink density using this 
relation (Mark & Erman, 1988)-  
   Mc  =  ρ / ρcrosslinks 
where,  
  ρ is the density of the sample 
  ρcrosslinks is the crosslink density (v) 
Since the actual number of moles of crosslinker present during copolymer synthesis is not being 
considered for the determination of Mc, defining it in terms of crosslink density makes the 
molecular weight between crosslinks insufficient. Hence, molecular weight between crosslinks is 
defined as  
 Total mass (g) of monomers / moles of crosslinker   (Eqn 4.1.15) 
5. Results & Discussion 
Polymer thermodynamics plays an important role in determining the compatibility of polymer with 
various solvents. Copolymer C was chosen for thermodynamic model evaluation. Solubility 
parameter of the comonomers present in Copolymer C was initially calculated based on their 
structure. Solubility parameter of Copolymer C was then calculated using volume fraction average 
of solubility parameters of the comonomers based on Eqn 4.1.9- 
 δd (MPa1/2) δp  (MPa1/2) δhb  (MPa1/2) 
Copolymer C 16.58 17.13 16.56 
Water -->1% soluble in water 15.10 20.40 16.50 
 
Based on the Eqn 4.1.13, the binary interaction parameter was calculated to be  
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χ(solvent-polymer)= 0.181 
  
Since the values of χSP < 0.5, the interaction between the polar solvent (water) and the copolymer 
is very strong.  
The densities of the swollen polymer and dry polymer were measured in order to calculate the 
volume fraction of the polymer. 
Density of swollen Copolymer C 1.14 g/cm3 
Density of dry Copolymer C 1.52 g/cm3 
Density of solvent 1.00 g/cm3 
 
The volume fraction of the polymer was calculated from Eqn 4.1.6- 
Φ  = 0.27 
 
Based on the binary interaction parameter and the volume fraction, the crosslink density was 
calculated from Eqn 4.1.14- 
crosslink density, v  = 0.0035 mol/cm3 
 
Molecular weight between crosslinks was calculated using Eqn 4.1.15- 
26, 836.00 g/mol 
 
 
5.1  RHEOLOGICAL BEHAVIOR OF 1% COPOLYMER IN DEIONIZED WATER 
 
Comonomers used for AMPS based copolymers synthesis have their own swelling behavior and 
it is critical to understand how their chemistry could affect overall copolymer performance. 
The viscosities of the 1% gel prepared from the copolymer under different shear rates were 
evaluated using flow curve analysis (Fig. 5.1.1). It is apparent from the flow profile that all three 
types of copolymers display non-newtonian, shear thinning behavior within the experimental shear 
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ranges. The viscosity of the gel decreases with increasing shear rates (0 to 1000 s-1) which indicates 
that there are possible electrostatic interaction between the particles surpassed by viscous forces 
present in the solutions. As a result of such interactions, the polymer chains are aligned in the 
direction of flow leading to viscosity reduction or shear-thinning behavior (Jamshidi & Rabiee, 
2014). As shear is removed (1000 to 0 s-1), viscous forces of the polymer chains regains and the 
polymer chain recovers its entanglements. It can also be noted that Copolymer B, which has 
different Polyacrylate comonomer chemistry than Copolymers A and C, has slightly lower 
performance. 
In order to understand the effect of AMPS concentration on hydrodynamic volume, the mol % of 
comonomer was varied as shown in (Table 5.1.1 and Fig. 5.1.2).  
Table 5.1.1 Viscosity of Copolymer B with varying mol% of comonomer 
Copolymer B 
AMPS Comonomer Viscosity 
mol% mol% (cPs) 
88 10 38,394 
80 18 34,092 
68 30 14,532 
 
A similar reduction in the equilibrium swelling behavior was observed in the case of P(DMAEMA-
co-AMPS) when the comonomer - DMAEMA mol % increased to 50% (Cavus, et al., 2007). Such 
decrease in swelling behavior with reduction in AMPS content was described as the development 
of ionic complex between the anionic and cationic units of the copolymer (AMPS and DMAEMA) 
affecting the ionic repulsion (Boyaci & Orakdogen, 2015). 
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Fig. 5.1.1 – Flow curve on AMPS copolymers 
Flow curves prepared using sandblasted PP50/S geometry and 0.25mm gap at 25 ̊C. Copolymer A (Black), 
Copolymer B (Blue), Copolymer C (Red) 
 
 
 
Fig. 5.1.2 - Viscosity response of Copolymer B as mol% of comonomers vary 
Viscosity response at 0.5 rpm (interval -1) measured on an Anton Paar rheometer using PP50/S and 0.25mm 
gap at 25 ̊C. 
 
Similar behavior has been observed when there is an increase in ionic comonomer content 
(such as AMPS, Acrylic acid (AA) and Methacrylic Acid (MAA)) in a hydrogel structure resulting 
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in an increase in their swelling behavior. AMPS have higher acidity than other ionic comonomers 
from AA or MAA and hence, AMPS provides higher swelling in deionized water. Comonomer 
Methacrylamide (MAAm) is a thermosensitive, water soluble and biocompatible monomer that 
yields transparent hydrogel. Comonomer ratio of P (MAAm- co-AMPS) was varied in the 
following order- 90/10, 80/20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, 10/90. Higher swelling 
values in deionized water was observed with increasing content of AMPS showed due to the 
complete dissociation of the sulfonic acid groups and followed by electrostatic repulsion of the 
anionic charges of AMPS (Cavus, 2010).  
In the case of Copolymer B, it can be seen that as AMPS content increases the charge 
concentration along the macromolecular chains leading to an increase in the number of hydrogen 
bonding between polymer-water than hydrogen bonding between –SO3H and –CONH2 groups. 
The viscosity increase seen in the case of Copolymer B (Table 5.1.1) indicate that equilibrium 
swelling of the gel samples were also enhanced by the increase in osmotic pressure due to the 
presence of counter ions present in AMPS (Yetimoğlu, Kahraman, Ercan, Akdemir, & Apohan, 
2007). Hence, it can be concluded that when using polyacrylate based comonomers with AMPS 
monomer, the mol% of AMPS has to be higher to show increased swelling. 
5.2 RHEOLOGICAL BEHAVIOR IN TERMS OF CROSSLINKER CHEMISTRY AND LOADING 
Cross-linking generally increases mechanical strength in polymers through building more 
structures. Conventional crosslinkers used for copolymerization demonstrate how they affect 
mechanical strength of these AMPS based copolymers. The loading of the crosslinker can have an 
impact on the swelling behavior of the polymer. The initial crosslinker loading for Copolymer A 
is listed as ‘(a)’ mol%. The effect of varying amounts of crosslinker on the swelling behavior of 
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Copolymer A is shown in Fig. 5.2.1. The performance increases with increasing loading of 
crosslinker until it reaches a threshold.  
 
Fig. 5.2.1 – Flow curve on Copolymer A with varying amount of crosslinker 
Flow curves prepared using sandblasted PP50/S geometry and 0.25mm gap at 25 ̊C. Copolymer A with (a) 
mol% of crosslinker (Red), with (a + 0.2) mol% of crosslinker (Dark Green), with (a + 0.5) mol% of 
crosslinker (Blue), with (a + 0.8) mol% of crosslinker (Black), with (a + 0.9) mol% crosslinker (Light 
Green) 
 
P(DMAEMA-co-AMPS) hydrogels prepared with tetra ethylene glycol diacrylate 
(TEGDA) as their crosslinker showed a reduction in its swelling behavior as the mol% of TEGDA 
increased indicating strong correlation between crosslinker loading and swelling. In the case of 
Copolymer A, the flow curves indicate that all of the crosslinker variations have similar shear 
thinning flow profile. However, the swelling behavior is affected by the concentration of 
crosslinker. Similar to P(DMAEMA-co-AMPS) hydrogels, Copolymer A also shows reduction in 
swelling as the crosslinker concentration passes (a + 0.8) mol%. The individual viscosity points 
from the flow curve (Interval-1) is compared in Table 5.2.1 and it shows how the viscosity change 
with increase in crosslinker loading. 
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Table 5.2.1 Viscosity response of 1% Copolymer A as crosslinker loading increases 
Copolymer A 
crosslinker content Viscosity at 0.5 rpm 
mol% (cPs) 
a 23,888 
a + 0.20 45,002 
a + 0.50 50,296 
a + 0.80 71,100 
a + 0.90 42,696 
 
 
Fig. 5.2.2 – Viscosity response of Copolymer A with varying amounts of crosslinker 
Viscosity data from Anton Paar Flow curve (Interval -1) at 0.5 rpm. Copolymer A with (a) mol% of 
crosslinker (Red), with (a + 0.2) mol% of crosslinker (Dark Green), with (a + 0.5) mol% of crosslinker 
(Blue), with (a + 0.8) mol% of crosslinker (Black), with (a + 0.9) mol% crosslinker (Light Green) 
 
Viscosity response of the 1% gel in deionized water is plotted in Fig. 5.2.2. Copolymer A 
has a threshold of crosslinker mol%, where a reduction in swelling is observed with the increase 
in crosslinking density. Similar response is seen in the case of shear recovery (Fig. 5.2.3) where 
the viscosity of the copolymer recovers in almost all cases. However, the magnitude of initial 
viscosity response is lower when the concentration of crosslinker exceeds the threshold. The 
highest viscosity response is seen for crosslinker mol% of (a + 0.80 mol %). As the mol% further 
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increases, performance of the copolymer A in terms of viscosity and shear recovery reduces 
significantly.  
Copolymer C has a tetra functional crosslinker chemistry than Copolymers A and B. Hence 
the equilibrium swelling behavior of 1% gel in deionized water reaches its maximum at a lower 
crosslinker mol% loading. The flow curves (Fig. 5.2.4) indicate that Copolymer C at different 
crosslinker loadings have similar shear thinning behavior as Copolymer A and B. However, the 
swelling behavior is affected by the concentration of crosslinker used for copolymer which can be 
seen in the viscosity points at 0.5 rpm given in Table 5.2.2. The initial crosslinker loading for 
Copolymer C is listed ‘(c)’ mol %.  
 
 
 
Fig. 5.2.3 – Shear recovery response of Copolymer A with varying amounts of crosslinker 
Shear recovery test under PP50/S geometry and 0.25mm gap at 25 ̊C. Pre-sheared sample is subjected to 
1000s-1 for 90 seconds and then allowed to recover at for 450 seconds at 0.03s-1. Copolymer A with (a) 
mol% of crosslinker (Red), with (a + 0.2) mol% of crosslinker (Dark Green), with (a + 0.5) mol% of 
crosslinker (Blue), with (a + 0.8) mol% of crosslinker (Black), with (a + 0.9) mol% crosslinker (Pink) 
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Table 5.2.2 Viscosity response of 1% Copolymer C as crosslinker loading increases 
Copolymer C 
Crosslinking density Viscosity @ 0.5 rpm 
(mol %) (cPs) 
c 47,569 
c + 0.10 59,833 
c + 0.20 49,254 
c + 0.30 46,741 
 
 
 
 
Fig. 5.2.4 – Flow curve of Copolymer C with varying amounts of crosslinker 
Flow curves from Anton Paar with PP50/S geometry and 0.25mm gap at 25˚C. Copolymer C with (c) mol% 
of crosslinker (Red), with (c + 0.1) mol% of crosslinker (Black), with (c + 0.2) mol% of crosslinker (Green), 
with (c + 0.3) mol% of crosslinker (Blue) 
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Fig. 5.2.5 – Viscosity response of Copolymer C with varying amounts of crosslinker 
Viscosity data from Anton Paar Flow curve (Interval-1) at 0.5 rpm. Copolymer C with (c) mol% of 
crosslinker (Red), with (c + 0.1) mol% of crosslinker (Black), with (c + 0.2) mol% of crosslinker (Green), 
with (c + 0.3) mol% of crosslinker (Blue) 
 
 
Fig. 5.2.6 –Swelling representation of a highly crosslinked copolymer in polar solvent 
 
Similar response is seen in the case of shear recovery (Fig. 5.2.7) where the viscosity of the 
copolymer C recovers in almost all cases. However, the magnitude of initial viscosity and the 
response after shearing is lower as the concentration of crosslinker exceeds the threshold. The 
highest viscosity is seen for crosslinker mol% of (c + 0.10) %.  
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Fig. 5.2.7 – Shear recovery response of Copolymer C with varying amounts of crosslinker 
Shear recovery data from Anton Paar Flow curve PP50/S, 0.25mm gap at 25 ̊C. Copolymer C with (c) 
mol% of crosslinker (Red), with (c + 0.1) mol% of crosslinker (Black), with (c + 0.2) mol% of crosslinker 
(Green), with (c + 0.3) mol% of crosslinker (Blue) 
 
Similar trend was observed in the case of P(AMPS-co-VP) copolymer, where equilibrium 
swelling value (ESV) decreased with increase in crosslinker content. Such behavior in a copolymer 
is due to the presence of more crosslinker points present in polymeric chains with increased 
crosslinker concentration thus reducing the sites accessible for swelling (Cavus & Gurdag, 2007). 
Fig. 5.2.6 shows the swelling representation of a highly crosslinked copolymer in polar solvent. 
Also the diffusion of polar solvent into the copolymer also gets slowed down due to the increased 
number of sites of crosslink chain. Another theory for the decrease in water absorbency with 
increased presence of chemically crosslinked moieties is the development of a force similar to 
elastic force in opposition to the swelling process until a state of equilibrium is attained. Flory 
interpreted this elastic reaction of swollen network structure as a pressure acting on the swollen 
gel (Flory, 1953). Hence, it can be concluded that the amount of crosslinker has to be optimized in 
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the case of polyacrylate and AMPS based copolymers. Crosslinker loading could be lowered by 
using a multifunctional crosslinker than a conventional one. 
 
Elastic modulus as a function of crosslinker 
As the crosslinker loading goes high, the elastic modulus of the 1% copolymer A in water increases 
as shown in Fig. 5.2.8. The colored square dot on G’ line represents the yield strength of 
Copolymer A at that mol% of crosslinker. The values of the yield strength represents the gel 
strength of that copolymer and they are given below.  
The linear elastic behavior of the copolymer dominates than the viscous behavior until the 
yield point. After the yield point, the elastic behavior dominates the viscous behavior until the 
crossover point (tan δ =1). However for all crosslinker variations, the domination of viscous 
behavior is beyond the parameters of shear strain % indicating a very high gel strength at all 
crosslinker loadings for Copolymer A. Hence, it can be concluded that these polyacrylate and 
AMPS based copolymers have high yield strength and they are capable of showing superior 
suspension in personal care formulations.  
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Yield Strength of Copolymer A with following mol% of crosslinker (Pa) 
a 254.6 
a + 0.2 427.4 
a + 0.5 328.6 
a + 0.8 630.3 
Fig. 5.2.8 – Storage and loss moduli of Copolymer A with varying mol% of crosslinker 
Amplitude sweep by Anton Paar using PP50/S and sandblasted bottom plate at 0.25mm Gap and 25 ̊C. 
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5.3 INFLUENCE OF PH ON SWELLING BEHAVIOR 
In order to create an ideal rheology modifier for the cosmetic industry, the monomer chemistry, 
feed ratio and cross-linker loading have to be optimized to give a pH independent behavior. pH of 
swelling medium is an important factor that defines the swelling behavior of AMPS based 
copolymers (Dubey & Bajpai, 2006). If the comonomer has ionizable groups that can protonate or 
deprotonate at certain pH, the degree of swelling could undergo changes with external pH 
conditions due to the volume phase transitions (Hazer, Soykan, & Kartal, 2008). Acid character of 
monomer plays an important role because weak acid monomers tend to ionize above their 
dissociation constant (Dubey & Bajpai, 2006). But strong acid monomer like AMPS have different 
swelling behavior than weak acids and it is difficult to define their behavior in terms of pKa 
(Cavus, 2010).  
The viscosity responses of Copolymers A, B and C in various pH medium are shown in 
Fig. 5.3.1. Copolymer A with (a + 0.5) mol% of crosslinker has relatively stable viscosity from 
pH 5  to pH 11, whereas Copolymer B with (b) mol% of crosslinker and Copolymer C with (c) 
mol% of crosslinker show similar viscosity drop at both acidic (pH 3) and alkaline environment 
(pH 11). All three copolymers showed a pH independent swelling behavior from a pH of 5.0 to 
9.0 indicating that these rheology modifiers can thicken most of the cosmetic formulations. Even 
though, these copolymers lose their efficiency they do have comparable performance at extreme 
acidic conditions. Loss of viscosity or reduced swelling observed due to pH condition of the 
solvent are explained in the following cases.  
In the case of poly (MAAm-co-AMP) copolymer, monomer feed ratios showed swelling 
behavior with minimal change in swelling when pH varied from 2.8 to 10 (Cavus, 2010). However 
when the swelling behavior is compared against the feed ratios, it can be deduced that swelling 
behavior increased with AMPS content at different pH. In some copolymers like Acrylamide –co-
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AMPS, the swelling behavior of comonomers could modeled as stimuli response to the pH of the 
solvent. The swelling behavior of this copolymer increased when pH increased from 1 to 7 and 
decreased with pH range between 7 and 13 (Pourjavadi, Ghasemzadeh, & Mojahedi, 2009). The 
osmotic pressure difference between the internal and external phases of the network is balanced 
by the swelling of the gel and thus showing increased swelling capacity up to a pH of 7. At pH 7, 
all of the -COOH and -SO3H are converted to anions resulting in high anion-anion repulsion. 
 
Fig. 5.3.1 – Viscosity responses of Copolymer A, B and C under pH ranges 3-11 
Viscosity observed in 1% gel in Deionized water using Brookfield RV Viscometer, Helipath Spindle T-C 
at 2.5 rpm. Copolymer A (Green), Copolymer B (Red) and Copolymer C (Blue) 
 
Such decrease in swelling behavior was attributed to the change in ionic strength of the 
medium and the effect of the counter ions that shielded the charge of the -COO- and -SO-3 cations 
preventing effective repulsion, hence loss in swelling. As pH increases the cations from the 
alkaline buffer shields the -COO- and -SO-3 groups and hence resulting in less anion-anion 
repulsion leading to reduced swelling (Pourjavadi, Ghasemzadeh, & Mojahedi, 2009). Based on 
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the results, it can be concluded that polyacrylate based comonomers shield AMPS by maintaining 
swelling through effective repulsion from a pH of 5 to 9. 
5.4 SWELLING BEHAVIOR IN ALCOHOL MEDIUM 
Swelling behavior of such AMPS based copolymers in various water miscible solvents as such as 
methanol, ethanol as well as cosmetic humectants such as butylene or propylene glycol could offer 
more formulation guideline. A study conducted on Poly (AMPS) showed that even though 
swelling capacity initially decreased with increase in ethanol-water composition, a higher 
concentration of alcohol did not collapse the gel structure (Althans, Langenbach, & Enders, 2011). 
However, the addition of comonomer influences the copolymers swelling behavior in alcohol 
medium (Amiya, Hirokawa, Hirose, & Li, 1987). Swelling behavior of 1% loading of copolymer 
A and C are given below in Fig. 5.4.1. As the weight percentage of the alcohol increases, the gel 
loses its ability swell in alcohol/deionized water mixture. Since AMPS monomer show swelling 
in alcohol/deionized water mixture, the swelling inefficiency of the copolymer could be due from 
the comonomer. In order to obtain efficiency in alcohol systems, comonomer chemistry may have 
to be altered because both Copolymer A and C have similar comonomer but different crosslinker.  
 
  Lincy Gurusamy 
46 
 
 
Fig. 5.4.1 – Viscosity responses of Copolymer A and C in alcohol/water mixture 
Viscosity observed in 1% gel in Alcohol/deionized water using Brookfield RV Viscometer, Helipath 
Spindle T-C at 2.5 rpm. Copolymer A (Blue) and Copolymer C (Green) 
 
Variation in crosslinker did not show much improvement in swelling behavior in both 
polyacrylate based copolymers. AMPS has the ability to swell under the influence of alcohol/water 
mixtures. The copolymer chemistry should not impede this swelling behavior. Hence, there is 
potential in improving the copolymer chemistry in such alcohol/water mixtures. 
6. Next steps and newer applications for amps based copolymers 
6.1  EFFECT OF COMONOMER CHEMISTRY ON SWELLING 
Acrylate based comonomer was used in this study to understand their potential as an AMPS 
based rheology modifier for the personal care industry. Such rheology modifier has to overcome 
formulation challenges such as stability in Suncare formulations, formulations with extreme pH 
conditions, formulations with salt tolerance, which are beyond the scope of this study. Following 
are some of the examples that show how chemical functionality and concentration of the 
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comonomer could enhance copolymer performance. Poly 2-(dimethylamino) ethyl methacrylate 
or p(DMAEMA) has a stimulus responsive behavior to pH and temperature. The swelling behavior 
of AMPS based copolymer as a function of the initial monomer concentration with constant 
crosslinker concentration was studied to understand the effect of comonomer chemistry (Cavus, et 
al., 2007). At 0.5M and 1M DMAEMA concentrations in the feed, the swelling behavior decreased 
with an increase in DMAEMA content.  
However a difference in behavior was seen in the case of 1-vinyl-2-pyrrolidone (VP) which 
is a water soluble biocompatible monomer. Poly (VP) has brilliant wetting properties and readily 
forms a film, which makes it a coating agent or an additive for coatings (Awasthi, et al., 2018). 
The amount of AMPS and comonomer VP was varied in Poly(AMPS-co-VP) in the following 
ratio: 90 AMPS / 10 VP, 80 AMPS / 20 VP and 70 AMPS / 30 VP (Çavuş & Çakal, 2018). The 
equilibrium swelling value was found to be higher at 70 AMPS / 30 VP than other compositions 
instead of 90 AMPS / 10 VP. This high swelling value of the hydrogel is attributed to the 
amphiphilic structure of VP comonomer as well as the increased polymer-water interaction. 
Amphiphilic nature of VP could be achieved through the preparation of PVP with terminal amino 
or carboxylic group and followed by the addition of hydrophobic groups to the reactive terminus 
of the PVP molecule (Torchilin, et al., 2001). Such differences in behavior suggests that 
comonomer chemistry can be a crucial aspect to the performance of the copolymer.  
Poly (AMPS) suffers swelling loss when the medium is changed from distilled water to 
NaCl solution due to the sulfonate-cation interaction. FTIR confirms this strong ionic interaction 
of SO3
- Na+ and SO3
-Ca2
+SO3
- disfavoring the efficient delocalization of sulfonate negative charge 
among its SO bonds result in peak shifting (Kabiri, Zohuriaan-Mehr, Mirzadeh, & Kheirabadi, 
2010). The swelling is easily influenced by an increase in charge density due to sulfonate group in 
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co-polymeric gels being more hydrophilic than other functional group in the comonomer (Lee & 
Hsu, 1998). As mentioned in earlier sections, an increase in the degree of swelling with increasing 
ionic group is due to the osmotic pressure exerted by counterions of the AMPS units in the polymer 
chains. Flory defined such loss in swelling as charge-screening effect of additional cations causing 
a non-perfect anion-anion electrostatic repulsion (Flory, 1953). Leading to a decrease in swelling 
behavior because of the reduction in osmotic pressure resulting from the mobile ion concentration 
difference between the gel and aqueous phases (Kabiri, Zohuriaan-Mehr, Mirzadeh, & Kheirabadi, 
2010). 
The swelling equilibria of p (AA-co-AMPS) were studied in water and in various other salt 
solutions (Liu, Tong, & Hu, 1995). The swelling capacity of copolymer were found to increase 
with increasing charge density inside the gel and decreased with amount of electrolyte 
concentration in the solvent. Even though the equilibrium volume swelling ratio of copolymer is 
high when the AMPS ratio is maintained at high. However, as the salt concentration is high the 
equilibrium swelling reduces to zero.  
The type and concentration of salt added to the medium defines the swelling behavior of 
such copolymers. Carrageenans are hydrophilic polysaccharides that have linear sulfated polymers 
that are composed of d-galactose and 3, 6 - anhydrogalactose units that have ionization tendency 
and show less sensitivity to salt. The swelling efficiency of kC-g-AMPS was evaluated in 0.15M 
solutions of LiCl, NaCl, KCl, MgCl2, CaCl2, SrCl2, BaCl2 and AlCl3 in order to understand the 
effect of cation radius on swelling (Pourjavadi, Hosseinzadeh, & Mazidi, 2005). The 
concentrations of LiCl, CaCl2, and AlCl3 was varied from 0.001 - 1.5M in order to understand the 
swelling capacity as a function of concentration . When multivalent cations are present in medium, 
the ionic cross-linking at the surface of particles causes an appreciably decrease in swelling 
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capacity. As the valency of the cation increased, the ionic cross-linking at the particle surface 
increased leading to a decrease in swelling capacity. The impact of cation radius on swelling 
behaviors by keeping the concentration constant at 0.15 M were also studied. kappa-Carrageenan 
molecules formed intermolecular cation bridges between the sulfate group of an adjacent anhydro- 
d-galactose residue with cations with large radius such as K+ but not with Li+ and Na+ as their radii 
are small. Similar results were observed for divalent cations (Pourjavadi, Hosseinzadeh, & Mazidi, 
2005).  
6.2 NEWER APPLICATIONS FOR AMPS BASED COPOLYMERS 
AMPS based copolymers have shown promise in drilling industry by showing rheology at 
extreme conditions such as high salt concentration, high temperature and high pressure. An AMPS 
based copolymer from Acrylamide, dimethyl diallyl ammonium chloride and sodium styrene 
sulfonate showed extreme thermal stability and tolerance to salt contamination (Huang, Zhang, & 
Zheng, 2019). A multifunctional rheology modifier has more potential than a conventional 
viscosity builder. Modifying hydrophobicity of the comonomer helps AMPS based copolymers to 
be used as a sole emulsifier in cosmetic O/W or W/O formulation by balancing hydrophilic and 
hydrophobic interactions without losing swelling efficiency in water. Improving emulsification 
without the addition of another surfactant in a two-phase system helps with low-energy 
emulsification as well as improved stability. The addition of amphiphilic modifications to the 
copolymer chemistry could also be considered as a part of design for energy efficiency ((de Molina 
& Gradzielski, 2017) and (Anastas & Warner, 1998)). Hence it can be concluded there is a huge 
potential in designing AMPS based copolymers with modifications in order to perform as a 
multifunctional and green rheology modifiers.  
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Recently AMPS based copolymers have been explored as an option for injectable hydrogel 
in the bioengineering industry. Injectable hydrogels bring many new opportunities such as 
injectable tissue engineering, minimally invasive drug delivery and wound dressing. AMPS 
monomer has a pH independent swelling behavior due to the presence of strong ionizable sulfonate 
group. A pendent thiol group is crosslinked to copolymers AMPS and Acrylamide (AM) with the 
help of poly (ethylene glycol) (Liang, Karakocak, Struckhoff, & Ravi, 2016). The biological 
activity of such incorporation will be explored in future studies. 
Since hydrophilic polymeric gels lack structural strength, recent studies have been focused 
on improving their mechanical properties. A novel super-swelling nanocomposite hydrogel based 
on 2-acrylamido-methylpropance -1-sulfonic acid (AMPS) was prepared through the 
incorporation of bio-modified clay – chitosan intercalated montmorillonite (chitoMMT) in the 
presence of macro-crosslinker poly(ethylene glycol) dimethacrylate (Kabiri, Mirzadeh, Zohuriaan-
Mehr, & Daliri, 2009). An increase in glass transition temperature, high thermal stability as well 
as high elastic modulus were recorded for the nanocomposite hydrogel compared to clay-free 
counterpart. 
7. Conclusion 
Hydrophilic polymeric gels prepared from AMPS based chemistry have tremendous 
potential in providing rheology in personal care industry. This paper outlines various synthesis 
processes that have been employed for such copolymer synthesis. A case study on Polyacrylate 
based comonomer co-polymerized with AMPS was presented. The study showed the importance 
of understanding comonomer chemistry and ratio, crosslinking density in terms of equilibrium 
swelling. It also showed how the behavior of these copolymers is dependent upon the solvent 
medium. pH and electrolyte concentration could serve as a stimulus for AMPS based copolymers. 
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Thermodynamics of interaction between polymer and solvent was described in terms of Flory-
Rehner theory. The crosslink density of Copolymer C was calculated from equilibrium swelling 
theory. Swelling behavior of Copolymer A and C were analyzed against their crosslinker mol% 
and it was found to have an optimum amount of crosslinker mol% for these polyacrylate and AMPs 
based copolymers. Viscoelastic behavior of copolymers were also analyzed rheometrically to 
determine their yield strength. Increased amount of crosslinker helped with elastic behavior of the 
copolymer indicating that these polyacrylate and AMPs based copolymers have great gel strength 
and shows great suspension in formulations. However, modifications to polyacrylate and AMPs 
based copolymers could improve their swelling performance in various personal care formulations. 
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